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composition of binary mixtures suggest the loss of dipolar association, difference in size and shape of the component molecules,
dipoleedipole interactions and hydrogen bonding between unlike molecules.
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The thermodynamic and transport properties of
liquids and liquid mixtures [1] are used to study the
molecular interactions between the various compo-
nents of the mixtures, and also to understand engi-
neering applications concerning heat transfer, mass
transfer and fluid flow. In chemical process industries,* Corresponding author. Department of Chemistry, J.K.C.C.
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the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/materials are normally handled in fluid form and as a
consequence, the physical, chemical and transport
properties of fluids assume importance. Thus, data on
some of the properties associated with the liquids and
liquid mixtures like density, viscosity and find exten-
sive application in solution theory and molecular dy-
namics. Such results are necessary for interpretation of
data obtained from thermo-chemical, electrochemical,
biochemical and kinetic studies [2].
The liquids chosen in this study namely, 3-
chloroaniline and carboxylic acids have industrial
importance. 3-Chloroaniline is a polar solvent and self-
associated through hydrogen bonding its amine group.
The amino group in 3-chloroaniline is an electron donorn behalf of University of Kerbala. This is an open access article under
4.0/).
Table 2
Densities and viscosities data of pure components at different tem-
peratures and p ¼ 0.1 MPa.
Component Density (r/g cm3) Viscosity, (h/mPa s)
Experimental Literature Experimental Literature
3-Chloroaniline
303.15 K 1.20532 1.20530 [12] 4.2554 4.2556 [13]
308.15 K 1.20075 e 3.8420 e
313.15 K 1.19602 1.19600 [12] 3.4302 e
318.15 K 1.19125 e 3.0224 e
Ethanoic acid
303.15 K 1.03832 1.0383 [15] 0.982 0.980 [15]
308.15 K 1.03246 1.0325 [15] 0.914 0.910 [15]
313.15 K 1.02712 1.0271 [15] 0.863 0.860 [15]
318.15 K 1.02161 1.0213 [14] 0.822 0.7667 [14]
Propionic acid
303.15 K 0.98505 0.9850 [15] 0.962 0.960 [15]
308.15 K 0.97945 0.9795 [15] 0.896 0.890 [15]
313.15 K 0.97432 0.9743 [15] 0.843 0.840 [15]
318.15 K 0.96922 0.9666 [14] 0.798 0.7412 [14]
Butanoic acid
303.15 K 0.94792 0.94794 [16] 1.3852 e
308.15 K 0.94293 0.94292 [16] 1.2421 1.2421 [14]
313.15 K 0.93792 0.93805 [16] 1.0992 e
318.15 K 0.93395 0.93350 [14] 0.9562 0.9562 [14]
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Chloroaniline is used as an intermediate in the produc-
tion of a number of products, including agricultural
chemicals, azo dyes and pigments, bactericide or biocide
and pharmaceuticals. Carboxylic acids are important
chemicals used in a variety of industrial applications
such as separation processes, manufacture of pharma-
ceutical products, cleaning agents, food and beverages
as an acidulant, the manufacture of polyester resins,
pharmaceutical and chemical industries [3,4]. A funda-
mental understanding of the mixture behavior of 3-
chloroaniline with carboxylic acids is therefore impor-
tant from the technical and engineering standpoint.
Several researchers investigated density and viscosity
of binary mixtures of acetonitrile with carboxylic acids
[5], formic acid with carboxylic acids [6], 1,4-dioxane
with carboxylic acids [7] and formamide with carbox-
ylic acids [8]. However, literature survey reveals that no
study on excess thermodynamic properties for the sys-
tems containing 3-chloroaniline with carboxylic acids is
reported. The aim of the present study is to analyze the
disruption of self association in carboxylic acids and
breaking of dipolar associations of 3-chloroaniline along
with the interaction between the amino group of 3-
chloroaniline and the eCOOH group of ethanoic acid,
propionic acid and butanoic acid respectively.
The present investigation is a continuation of our
earlier research [9] on thermodynamic properties of bi-
nary liquid mixtures. In this paper we report measure-
ments of densities and viscosities for three binary
systems, 3-chloroaniline þ ethanoic acid, 3-
chloroaniline þ propionic acid and 3-
chloroaniline þ butanoic acid at T ¼ (303.15e318.15)
K and atmospheric pressure. From the experimental data,
various physicochemical parameters, viz. VE, Dh and
G*E of the components in the mixture have been calcu-
lated. Thevariations of these propertieswith composition
of the binarymixtures are discussed in termsofmolecular
interactions between components and structural effects.
2. Experimental
All the chemicals (A.R. grade) were used in the
present work supplied by S.D. Fine Chem. Ltd., India.Table 1
Provenance and purity of the materials used.
Chemicals CAS number Source
3-Chloroaniline 108-42-9 S.D. Fine Chemicals, Ind
Ethanoic acid 71-36-3 S.D. Fine Chemicals, Ind
Propionic acid 78-92-2 S.D. Fine Chemicals, Ind
Butanoic acid 78-83-1 S.D. Fine Chemicals, IndThe purities of all the chemicals as follows: 3-
chloroaniline (99.0%), Ethanoic acid (99.0%), Pro-
pionic acid (99.0%) and Butanoic acid (99.0%). All
the chemicals were further purified by the methods as
described in the literature [10,11]. Prior to making
experimental measurements, all liquids were double
distillated and partially degassed with a vacuum
pump under an inert atmosphere. The mole fraction
purities of the purified liquids as determined by gas
chromatography are: 3-chloroaniline (0.995), Etha-
noic acid (0.9965), Propionic acid (0.9960) and
Butanoic acid (0.9970). Moreover, name of the
chemical, source, CAS number, purity in mass frac-
tion and water content of the component liquids were
given in Table 1. The purity of all solvents were
compared with the measured density and viscosity of
the pure liquids with the literature [12e16] and these
were given in Table 2 and the agreement between the
experimental and the literature values was found
good.Water content (%) Mass fraction purity (Final)
ia 0.042 0.995
ia 0.035 0.9965
ia 0.039 0.9960
ia 0.040 0.9970
Table 3
Density (r), Viscosity (h) and speed of sound (u) of binary liquid mixtures of 3-chloroaniline with carboxylic acid at T ¼ (303.15e318.15) K.
x1 Density (r) g cm
3 Viscosity (h)/mPa s
303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K
3-Chloroaniline (1) þ ethanoic acid (2)
0.0000 1.03832 1.03246 1.02712 1.02161 0.982 0.914 0.863 0.822
0.1011 1.06759 1.06196 1.05674 1.05143 1.3212 1.2190 1.1315 1.0556
0.1745 1.08602 1.08051 1.07538 1.07008 1.5665 1.4389 1.3260 1.2222
0.2562 1.10426 1.09889 1.09380 1.08856 1.8379 1.6822 1.5397 1.4062
0.3454 1.12186 1.11662 1.11158 1.10642 2.1330 1.9463 1.7717 1.6050
0.4852 1.14553 1.14047 1.13551 1.13046 2.5924 2.3576 2.1326 1.9141
0.5894 1.16065 1.15571 1.15082 1.14584 2.9325 2.6618 2.3991 2.1427
0.6674 1.17079 1.16594 1.16109 1.15619 3.1859 2.8881 2.5973 2.3127
0.7458 1.18010 1.17534 1.17053 1.16569 3.4395 3.1147 2.7956 2.4828
0.8979 1.19604 1.19141 1.18667 1.18190 3.9287 3.5511 3.1771 2.8089
1.0000 1.20532 1.20075 1.19602 1.19125 4.2554 3.8420 3.4302 3.0224
3-Chloroaniline (1) þ propionic acid (2)
0.0000 0.98505 0.97945 0.97432 0.96922 0.962 0.896 0.843 0.798
0.1098 1.01817 1.01273 1.00765 1.00264 1.3313 1.2280 1.1366 1.0528
0.1704 1.03523 1.02986 1.02481 1.01981 1.5351 1.4106 1.2973 1.1922
0.2564 1.05805 1.05276 1.04775 1.04275 1.8229 1.6685 1.5246 1.3880
0.3402 1.07886 1.07366 1.06867 1.06369 2.1019 1.9184 1.7446 1.5770
0.4895 1.11284 1.10777 1.10285 1.09790 2.5958 2.3605 2.1329 1.9107
0.5924 1.13417 1.12922 1.12434 1.11944 2.9335 2.6625 2.3979 2.1387
0.6821 1.15156 1.14670 1.14185 1.13702 3.2262 2.9243 2.6274 2.3362
0.7456 1.16321 1.15843 1.15363 1.14882 3.4327 3.1086 2.7889 2.4752
0.8896 1.18790 1.18324 1.17852 1.17377 3.8990 3.5248 3.1530 2.7874
1.0000 1.20532 1.20075 1.19602 1.19125 4.2554 3.8420 3.4302 3.0224
3-Chloroaniline (1) þ butanoic acid (2)
0.0000 0.94792 0.94293 0.93792 0.93395 1.3852 1.2421 1.0992 0.9562
0.1175 0.98221 0.97728 0.97230 0.96825 1.7294 1.5555 1.3820 1.2089
0.1911 1.00313 0.99822 0.99326 0.98916 1.9458 1.7519 1.5588 1.3661
0.2705 1.02516 1.02027 1.01531 1.01115 2.1775 1.9621 1.7477 1.5340
0.3574 1.04871 1.04384 1.03889 1.03464 2.4300 2.1914 1.9533 1.7166
0.4887 1.08315 1.07833 1.07341 1.06905 2.8089 2.5346 2.2614 1.9890
0.5957 1.11021 1.10543 1.10056 1.09612 3.1146 2.8114 2.5088 2.2090
0.6754 1.12983 1.12510 1.12027 1.11578 3.3408 3.0162 2.6926 2.3718
0.7628 1.15083 1.14615 1.14136 1.13683 3.5877 3.2397 2.8924 2.5494
0.8999 1.18274 1.17814 1.17342 1.16878 3.9742 3.5888 3.2039 2.8246
1.0000 1.20532 1.20075 1.19602 1.19125 4.2554 3.8420 3.4302 3.0224
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weighing an amount of pure liquids in an electric bal-
ance (ER-120A, Afoset, and India) with a precision of
±0.1 mg by syringing each component into air-tight
stopper bottles to minimize evaporation losses. The
uncertainty of the mole fraction is ±1$104. After
mixing the sample, the bubble free homogenous sample
was transferred into the U-tube of the densimeter
through a syringe. The density measurements were
performed with a Rudolph Research Analytical digital
densimeter (DDH-2911 Model), equipped with a built-
in solid-state thermostat and a resident program with
accuracy of temperature was ±0.03 K. The uncertainty
of density measurement for liquid mixtures
was ±2$103 g cm3 and the uncertainty oftemperature ±0.01 K, Proper calibrations at each tem-
perature were achieved with doubly distilled, deionized
water and with air as standards. The viscosities of pure
liquids and their mixtures were determined at atmo-
spheric pressure and at T ¼ (303.15e318.15) K by
using an Ubbelohde viscometer, which was calibrated
with benzene, carbon tetrachloride, acetonitrile, and
doubly distilled water. The Ubbelohde viscometer bulb
had a capacity of 15 ml and the capillary tube had a
length of about 90 mm with 0.5 mm internal diameter.
The viscometer was thoroughly cleaned and perfectly
dried, filled with the sample liquid by fitting the
viscometer to about 30 from the vertical and its limbs
were closed with Teflon caps to avoid the evaporation.
The viscometer was kept in a transparent walled bath
Table 4
Excess volume (VE), deviation in viscosity (Dh) and excess Gibbs free energy of activation of viscous flow (G*E) of binary liquid mixtures of 3-
chloroaniline with carboxylic acids at T ¼ (303.15e318.15) K.
x1 V
E/cm mol1 Dh/mPa s
303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K
3-Chloroaniline (1) þ ethanoic acid (2)
0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000
0.1011 0.0452 0.0486 0.0523 0.0589 0.008 0.009 0.009 0.011
0.1745 0.0682 0.0727 0.0785 0.0819 0.013 0.014 0.015 0.016
0.2562 0.0874 0.0924 0.0976 0.1015 0.017 0.018 0.019 0.020
0.3454 0.1002 0.1052 0.1097 0.1136 0.020 0.021 0.022 0.023
0.4852 0.1067 0.1114 0.1157 0.1200 0.022 0.023 0.024 0.025
0.5894 0.1020 0.1072 0.1117 0.1158 0.021 0.022 0.023 0.024
0.6674 0.0935 0.0981 0.1028 0.1087 0.019 0.020 0.021 0.022
0.7458 0.0797 0.0846 0.0886 0.0956 0.016 0.017 0.018 0.020
0.8979 0.0409 0.0441 0.0482 0.0530 0.007 0.008 0.009 0.011
1.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000
3-Chloroaniline (1) þ propionic acid (2)
0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000
0.1098 0.0417 0.0468 0.0496 0.0558 0.008 0.009 0.010 0.011
0.1704 0.0608 0.0671 0.0715 0.0775 0.012 0.013 0.013 0.015
0.2564 0.0807 0.0874 0.0921 0.0975 0.016 0.017 0.018 0.020
0.3402 0.0940 0.1007 0.1046 0.1097 0.019 0.020 0.021 0.022
0.4895 0.1030 0.1078 0.1124 0.1164 0.022 0.022 0.023 0.024
0.5924 0.0971 0.1020 0.1064 0.1112 0.020 0.021 0.022 0.023
0.6821 0.0868 0.0909 0.0951 0.1016 0.018 0.019 0.020 0.021
0.7456 0.0739 0.0786 0.0843 0.0908 0.015 0.016 0.017 0.019
0.8896 0.0367 0.0398 0.0453 0.0514 0.007 0.008 0.008 0.011
1.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000
3-Chloroaniline (1) þ butanoic acid (2)
0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000
0.1175 0.0393 0.0442 0.0487 0.0522 0.007 0.008 0.009 0.010
0.1911 0.0602 0.0664 0.0720 0.0773 0.012 0.013 0.014 0.015
0.2705 0.0783 0.0841 0.0890 0.0954 0.016 0.017 0.018 0.019
0.3574 0.0919 0.0975 0.1016 0.1065 0.019 0.020 0.021 0.022
0.4887 0.0989 0.1044 0.1083 0.1129 0.021 0.022 0.023 0.023
0.5957 0.0927 0.0969 0.1017 0.1069 0.020 0.021 0.021 0.022
0.6754 0.0815 0.0862 0.0915 0.0978 0.017 0.018 0.019 0.020
0.7628 0.0638 0.0686 0.0749 0.0823 0.013 0.014 0.015 0.017
0.8999 0.0282 0.0325 0.0380 0.0441 0.006 0.007 0.007 0.009
1.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000
G*E/J mol1
3-Chloroaniline (1) þ ethanoic acid (2) 3-Chloroaniline (1) þ propionic acid (2) 3-Chloroaniline (1) þ butanoic acid (2)
x1 303.15 K 308.15 K 313.15 K 318.15 K x1 303.15 K 308.15 K 313.15 K 318.15 K x1 303.15 K 308.15 K 313.15 K 318.15 K
0.0000 0.000 0.000 0.000 0.000 0.0000 0.000 0.000 0.000 0.000 0.0000 0.000 0.000 0.000 0.000
0.1011 4.162 4.083 3.852 3.570 0.1098 4.165 4.071 3.863 3.558 0.1175 2.254 2.347 2.459 2.603
0.1745 5.970 5.864 5.579 5.161 0.1704 5.528 5.407 5.136 4.759 0.1911 3.136 3.255 3.402 3.586
0.2562 7.164 7.046 6.725 6.250 0.2564 6.687 6.552 6.250 5.807 0.2705 3.725 3.860 4.026 4.233
0.3454 7.745 7.629 7.303 6.806 0.3402 7.172 7.040 6.735 6.269 0.3574 4.030 4.177 4.346 4.562
0.4852 7.545 7.449 7.158 6.702 0.4895 6.924 6.812 6.539 6.116 0.4887 3.971 4.108 4.272 4.463
0.5894 6.735 6.657 6.413 6.028 0.5924 6.142 6.051 5.820 5.464 0.5957 3.554 3.675 3.810 3.987
0.6674 5.840 5.777 5.574 5.254 0.6821 5.152 5.082 4.895 4.612 0.6754 3.069 3.174 3.294 3.445
0.7458 4.732 4.685 4.527 4.283 0.7456 4.309 4.252 4.100 3.874 0.7628 2.398 2.482 2.573 2.700
0.8979 2.083 2.065 2.003 1.912 0.8896 2.030 2.007 1.938 1.847 0.8999 1.105 1.145 1.182 1.248
1.0000 0.000 0.000 0.000 0.000 1.0000 0.000 0.000 0.000 0.000 1.0000 0.000 0.000 0.000 0.000
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Table 5
Coefficients of RedlicheKister equation and standard deviation (s) values.
Binary mixtures Functions A1 A2 A3 s
303.15 K
3-Chloroaniline þ ethanoic acid VE/cm3 mol1 0.424 0.033 0.072 0.001
Dh/mPa s 0.089 0.006 0.004 0.001
3-Chloroaniline þ propionic acid VE/cm3 mol1 0.411 0.037 0.012 0.001
Dh/mPa s 0.087 0.005 0.017 0.001
3-Chloroaniline þ butanoic acid VE/cm3 mol1 0.395 0.039 0.078 0.001
Dh/mPa s 0.0834 0.003 0.026 0.001
308.15 K
3-Chloroaniline þ ethanoic acid VE/cm3 mol1 0.444 0.034 0.098 0.001
Dh/mPa s 0.092 0.007 0.002 0.001
3-Chloroaniline þ propionic acid VE/cm3 mol1 0.432 0.047 0.019 0.001
Dh/mPa s 0.089 0.004 0.008 0.001
3-Chloroaniline þ butanoic acid VE/cm3 mol1 0.414 0.043 0.032 0.001
Dh/mPa s 0.087 0.002 0.015 0.001
313.15 K
3-Chloroaniline þ ethanoic acid VE/cm3 mol1 0.460 0.036 0.141 0.001
Dh/mPa s 0.096 0.003 0.006 0.001
3-Chloroaniline þ propionic acid VE/cm3 mol1 0.448 0.036 0.065 0.001
Dh/mPa s 0.093 0.007 0.004 0.001
3-Chloroaniline þ butanoic acid VE/cm3 mol1 0.429 0.036 0.028 0.001
Dh/mPa s 0.091 0.007 0.013 0.001
318.15 K
3-Chloroaniline þ ethanoic acid VE/cm3 mol1 0.474 0.033 0.209 0.001
Dh/mPa s 0.097 0.001 0.037 0.001
3-Chloroaniline þ propionic acid VE/cm3 mol1 0.463 0.033 0.139 0.001
Dh/mPa s 0.095 0.002 0.021 0.001
3-Chloroaniline þ butanoic acid VE/cm3 mol1 0.449 0.022 0.082 0.001
Dh/mPa s 0.092 0.001 0.010 0.001
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obtain thermal equilibrium. An electronic digital stop-
watch with an uncertainty of ±0.01 s was used for flow
time measurements. The experimental uncertainty of
viscosity was estimated as ±0.5 mPa s and the uncer-
tainty of temperature ±0.1 K.0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 1. Curves of excess molar volume (VE) with mole fraction for
the binary mixtures of 3-chloroaniline þ butanoic acid (-), propi-
onic acid (C) and ethanoic acid (:) at 303.15 K.3. Results and discussion
The experimental values of density (r) and viscosity
(h) of the binary liquid mixtures of 3-chloroaniline
with carboxylic acids at T ¼ (303.15e318.15) K are
given in Table 3.Fig. 2. Curves of deviation in viscosity (Dh) with mole fraction for
the binary mixtures of 3-chloroaniline þ butanoic acid (-), propi-
onic acid (C) and ethanoic acid (:) at 303.15 K.
83D. Rahul et al. / Karbala International Journal of Modern Science 2 (2016) 78e87The excess volume (VE) is calculated from the
experimental density values, using the following
equation:
VE

cm3 mol1 ¼ ½x1M1 þ x2M2=r ½x1M1=r1
þ x2M2=r2 ð1Þ
where x1 and x2 are the mole fractions of 3-
chloroaniline with carboxylic acids respectively; M1
and M2 and r1 and r2 are the molecular weights and
densities of components 1 and 2 respectively and r is
the density of the mixture.
From the experimental viscosity data (h) of the
binary mixtures, the deviation in viscosity (Dh) is
calculated as:
Dh¼ h
X2
i¼1
xihi ð2Þ
where h and hi are viscosities of the mixture and the
pure compounds respectively.
Excess Gibbs energy of activation of viscous flow
(G*E) for the mixtures of 3-chloroaniline with car-
boxylic acids is calculated by the following relations:
GE ¼ RT
"
lnðVhÞ 
XN
i¼1
xi lnðVihiÞ
#
ð3Þ
where x1 and x2 are the mole fractions of 3-
chloroaniline with carboxylic acids respectively; V1
and V2 and h1 and h2 are molar volumes and dynamic
viscosities of the components 1 and 2 respectively and
Vand h are the molar volume and dynamic viscosity of
the mixtures respectively. R is the gas constant and T is
the absolute temperature.Fig. 3. Excess Gibbs energy of activation of viscous flow (G*E) with
mole fraction (x1) of 3-chloroaniline þ butanoic acid (-), propionic
acid (C) and ethanoic acid (:) at 303.15 K.The variation of VE and Dh with mole fraction are
fitted to the RedlicheKister polynomial equation [17].
YE ¼ x1x2

a0 þ a1ðx1  x2Þ þ a2ðx1  x2Þ2
 ð4Þ
where YE is the VE orDh. The values of a0, a1 and a2 are
the coefficients of the polynomial equation and the
corresponding standard deviations (s) obtained by
least-square method. The standard deviations (s) are
calculated as:
sðYEÞ ¼
"XYEobs YEcal2
ðnmÞ
#1=2
ð5Þ
where n is the total number of experimental points and
m is the number of coefficients. The values of a0, a1 and
a2 which are the coefficients determined by multiple-
regression analysis on the least square method and
summarized along with the standard deviations between
the experimental and fitted values of VE and Dh are
presented in Table 5.
The excess molar volume (VE), deviation in vis-
cosity (Dh) and excess Gibbs energy of activation of
viscous flow (G*E) values are given in Table 4.
An examination of curves in Fig. 1 suggests that all
the binary systems are negative over the entire
composition range at T ¼ (303.15e318.15) K under
constant atmospheric pressure. The observed trend of
variation of excess volume [18,19] may be explained
in terms of two opposing effects, (i) the dipoleedi-
pole and donoreacceptor interaction between unlike
molecules and (ii) packing of large sized molecules
leading to interstitial voids that may be filled by
smaller molecules and dipolar interaction as well as
hydrogen bonds between unlike molecules. However,
the actual volume change depends upon the relative
strength of these two effects. Mixing of 3-
chloroaniline with monocarboxylic acids may induce
mutual dissociation of the hydrogen-bonded struc-
tures present in pure liquids with subsequent forma-
tion of new hydrogen bonds (HeN$$$$$$HeOe)
between amino group of 3-chloroaniline and hydroxyl
group of carboxylic acid in liquid mixtures [20].
Higher negative VE values for 3-
chloroaniline þ ethanoic acid are attributed to the
presence of strong specific interaction (hydrogen
bonding between 3-chloroaniline and ethanoic acid)
and also due to filling of smaller molecules (molar
volume of ethanoic acid 57.84 cm3 mol1) into the
voids created by bigger molecules of 3-chloroaniline
(molar volume 105.84 cm3 mol1). The negative of
VE confirms the presence of strong molecular
Table 6
Mole fraction of 3-chloroaniline (x1), Grunberg and Nissan (d12), Katti and Chaudhri (Wvis/RT), Hind et al. (H12), Tamura and Kurata (T12) and
Heric Brower (D12) data for binary mixture of 3-chloroaniline with carboxylic acids at T ¼ (303.15e318.15) K.
x1 3-Chloroaniline (1) þ ethanoic acid (2)
d12 Wvis/RT H12 T12 D12 d12 Wvis/RT H12 T12 D12
303.15 K 308.15 K
0.0000
0.1011 1.634 1.840 2.664 2.274 1.980 1.571 1.776 2.428 2.079 1.918
0.1745 1.466 1.665 2.665 2.276 1.796 1.411 1.609 2.427 2.080 1.742
0.2562 1.318 1.510 2.664 2.278 1.633 1.271 1.462 2.425 2.081 1.586
0.3454 1.191 1.376 2.664 2.280 1.491 1.150 1.334 2.424 2.083 1.450
0.4852 1.038 1.214 2.663 2.283 1.317 1.004 1.179 2.424 2.087 1.284
0.5894 0.949 1.118 2.662 2.285 1.215 0.920 1.087 2.423 2.089 1.186
0.6674 0.893 1.057 2.662 2.287 1.150 0.866 1.029 2.423 2.091 1.122
0.7458 0.843 1.003 2.661 2.288 1.091 0.818 0.977 2.423 2.093 1.066
0.8979 0.762 0.913 2.659 2.290 0.995 0.740 0.890 2.422 2.095 0.973
1.0000
313.15 K 318.15 K
0.0000
0.1011 1.446 1.649 2.196 1.892 1.792 1.303 1.504 1.983 1.723 1.650
0.1745 1.310 1.506 2.199 1.897 1.641 1.177 1.372 1.979 1.722 1.507
0.2562 1.183 1.373 2.196 1.897 1.498 1.067 1.256 1.976 1.723 1.382
0.3454 1.073 1.256 2.195 1.899 1.373 0.970 1.153 1.973 1.723 1.271
0.4852 0.941 1.115 2.195 1.902 1.221 0.855 1.027 1.971 1.725 1.134
0.5894 0.864 1.031 2.194 1.905 1.130 0.788 0.954 1.971 1.728 1.054
0.6674 0.815 0.977 2.194 1.907 1.071 0.745 0.906 1.972 1.732 1.002
0.7458 0.771 0.929 2.194 1.909 1.019 0.708 0.865 1.974 1.737 0.956
0.8979 0.701 0.850 2.196 1.916 0.934 0.651 0.799 1.983 1.752 0.884
1.0000
x1 3-Chloroaniline (1) þ propionic acid (2)
d12 Wvis/RT H12 T12 D12 d12 Wvis/RT H12 T12 D12
303.15 K 308.15 K
0.0000
0.1098 1.654 1.712 2.648 2.399 1.824 1.589 1.646 2.413 2.190 1.759
0.1704 1.514 1.571 2.651 2.402 1.679 1.456 1.512 2.414 2.192 1.621
0.2564 1.353 1.409 2.652 2.404 1.513 1.303 1.358 2.414 2.194 1.463
0.3402 1.228 1.284 2.652 2.406 1.383 1.185 1.240 2.414 2.195 1.340
0.4895 1.060 1.113 2.652 2.408 1.206 1.025 1.078 2.414 2.197 1.171
0.5924 0.969 1.022 2.651 2.409 1.111 0.939 0.991 2.413 2.198 1.080
0.6821 0.903 0.955 2.650 2.408 1.040 0.876 0.926 2.412 2.198 1.013
0.7456 0.862 0.913 2.649 2.408 0.996 0.836 0.886 2.411 2.198 0.970
0.8896 0.781 0.831 2.645 2.406 0.909 0.759 0.808 2.410 2.199 0.887
1.0000
313.15 K 318.15 K
0.0000
0.1098 1.481 1.537 2.186 1.990 1.651 1.339 1.394 1.964 1.796 1.509
0.1704 1.358 1.413 2.184 1.990 1.524 1.234 1.289 1.964 1.797 1.400
0.2564 1.220 1.275 2.184 1.992 1.380 1.112 1.166 1.962 1.797 1.272
0.3402 1.113 1.167 2.184 1.993 1.268 1.016 1.069 1.960 1.796 1.171
0.4895 0.966 1.018 2.184 1.995 1.112 0.885 0.937 1.958 1.797 1.032
0.5924 0.886 0.937 2.183 1.995 1.028 0.816 0.866 1.958 1.799 0.957
0.6821 0.828 0.878 2.182 1.996 0.965 0.765 0.814 1.959 1.801 0.902
0.7456 0.791 0.841 2.181 1.996 0.925 0.733 0.782 1.959 1.803 0.867
0.8896 0.720 0.768 2.179 1.996 0.848 0.673 0.720 1.964 1.811 0.801
1.0000
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x1 3-Chloroaniline (1) þ butanoic acid (2)
d12 Wvis/RT H12 T12 D12 d12 Wvis/RT H12 T12 D12
303.15 K 308.15 K
0.0000
0.1175 0.869 0.873 2.854 2.765 0.944 0.891 0.895 2.581 2.501 0.966
0.1911 0.811 0.815 2.859 2.770 0.884 0.828 0.832 2.583 2.504 0.902
0.2705 0.754 0.758 2.861 2.772 0.826 0.769 0.773 2.585 2.505 0.841
0.3574 0.701 0.705 2.862 2.774 0.771 0.715 0.719 2.586 2.507 0.785
0.4887 0.634 0.639 2.862 2.775 0.702 0.646 0.650 2.586 2.508 0.714
0.5957 0.588 0.593 2.861 2.774 0.655 0.599 0.603 2.585 2.507 0.665
0.6754 0.558 0.563 2.859 2.773 0.623 0.568 0.572 2.583 2.506 0.633
0.7628 0.528 0.533 2.856 2.770 0.592 0.538 0.542 2.582 2.505 0.602
0.8999 0.488 0.493 2.854 2.768 0.550 0.498 0.502 2.581 2.505 0.560
1.0000
313.15 K 318.15 K
0.0000
0.1175 0.919 0.922 2.308 2.237 0.994 0.958 0.961 2.038 1.974 1.033
0.1911 0.852 0.856 2.310 2.239 0.926 0.885 0.888 2.038 1.974 0.959
0.2705 0.790 0.794 2.310 2.240 0.862 0.818 0.821 2.037 1.975 0.890
0.3574 0.732 0.736 2.310 2.240 0.803 0.757 0.760 2.037 1.975 0.828
0.4887 0.661 0.665 2.311 2.241 0.730 0.680 0.684 2.035 1.974 0.749
0.5957 0.612 0.615 2.308 2.239 0.678 0.630 0.634 2.035 1.974 0.697
0.6754 0.581 0.584 2.308 2.240 0.646 0.598 0.602 2.035 1.975 0.663
0.7628 0.549 0.553 2.306 2.238 0.613 0.568 0.571 2.036 1.976 0.632
0.8999 0.507 0.511 2.304 2.236 0.569 0.527 0.531 2.039 1.980 0.589
1.0000
Table 6 (continued )
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for 3-chloroaniline þ butanoic acid mixture are less
negative indicating that the molecular association
through hydrogen bonding between unlike molecules
becomes weak [22]. This may arise due to increase in
the size of the alkyl group in butanoic acid as affected
by the steric factor. Increase in number of methyl
group in butanoic acid restricts closer approach of 3-
chloroaniline and therefore, butanoic acid molecules
are increasingly hindered due to switching mechanism
[23] resulting in less negative values of VEm.
The values of VE for the binary mixtures of 3-
chloroaniline with carboxylic acids are in the
following order:
Ethanoicacid < Propionicacid < Butanoicacid
The results shown in Fig. 1 indicate that the
hydrogen bond formation decrease between unlike
molecules and it may be due to the decrease in
dissociation of the carboxylic acid molecules. Hence
the above order is justified. The influence of temper-
ature on VEm for the systems containing carboxylic acid
molecules slightly more negative with increasing
temperature.The sign and magnitude of Dh depend on the
combined effect of the factors such as molecular size,
shape and intermolecular forces. The data presented in
Fig. 2 reveal that deviation in viscosity is positive for
all the binary systems over the entire composition
range, which suggests that the viscosity of the mixture
is higher than that of the pure components and hence
the fluidity of the mixture is low. This indicates the
presence of a specific interaction such as the formation
of donoreacceptor interaction between unlike mole-
cules. This further supports the molecular association
through Hydrogen bonding between unlike molecules
as suggested earlier by other workers [24,25]. The
positive values of deviation in viscosity increase with
the increase in temperature in all these systems.
The excess Gibbs energy of activation of viscous
flow for all the binary systems is presented in Fig. 3.
The values of the G*E are positive for all the binary
systems suggests that the presence of a specific inter-
action such as the formation of heteroassociated mol-
ecules between unlike molecules.
Knowledge of the viscosity of pure liquids and
respective mixtures and study of the viscosity calcu-
lation methods are important for practical and
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typical semi-empirical relations are used to correlate
the experimental viscosity data of the investigated bi-
nary systems.
GrunbergeNissan proposed the following empirical
equation [28].
ln h¼ x1 ln h1 þ x2 ln h2 þ x1x2d12 ð6Þ
where d12 may be regarded as a parameter proportional
to the interchange energy and also an approximate
measure of the strength of the interaction between the
components.
Katti and Chaudhri equation takes the form [29].
ln hV¼ x1 lnV1h1 þ x2lnV2h2 þ x1x2Wvis=RT ð7Þ
where Wvis/RT is an interaction term.
Hind et al. [30], proposed the following equation
h¼ x21h1 þ x22h2 þ 2x1x2H12 ð8Þ
where H12 is the Hind interaction parameter and is
attributed to unlike pair interactions.
The one-parameter equation due to Tamura and
Kurata [31] gave the equation of the form
h¼ x1F1h1 þ x2F2h2 þ 2ðx1x2F1F2Þ1=2T12 ð9Þ
where F1 and F2 are the volume fractions of compo-
nents 1 and 2, respectively, T12 is Tamura and Kurata
constant. Where F1 and F2 are the volume fractions of
components 1 and 2, respectively, and T12 is the Tamura
and Kurata constant.
Heric and Brewer [32] derived the following
equation
ln h¼x1ln h1 þ x2ln h2 þ x1ln M1 þ x2ln M2
 lnððx1M1 þ x2M2Þ2x1x2D12Þ
ð10Þ
where D12 is the interaction term and other symbols
have their usual meaning.
From Table 6, the interaction parameter d12 is
positive for all the binary systems. Fort and Moore
[33] reported that for any binary liquid mixture, a
positive value of d12 indicates the presence of specific
interactions and a negative value of d12 indicates the
presence of weak interactions between the unlike
molecules. The values of d12 are positive for all bi-
nary liquid mixtures indicating the presence of
intermolecular complex between the two components
of the binary mixtures. The positive values of d12
increase with increasing temperature in all the binary
systems showing that the interactions between thecomponents increase with increase in temperature.
Interaction parameter Wvis=RT shows almost the
same trend as that of d12. In fact, one could say that
the parameters d12 and Wvis=RT exhibit almost
similar behavior, which is not unlikely in view of
logarithmic nature of both equations. The values of
interaction parameters Tamara and Kurata (T12) and
Hind et al. (H12) do not differ appreciably from each
other. This is in agreement with the view put forward
by Fort and Moore [33] in regard to the nature of
parameters T12 and H12.
4. Conclusion
This paper reports experimental data of densities
and viscosities of 3-chloroaniline with carboxylic acids
over the entire range of mole fraction at
T ¼ (303.15e318.15) K with 5 K intervals. The
experimental values are used to compute the excess
molar volume, deviation in viscosity and excess Gibbs
energy of activation of viscous flow at
T ¼ (303.15e318.15) K. The excess molar volume and
deviation in viscosity were fitted with RedlicheKister
polynomial equation. The negative value of VE is
attributed to the strong hydrogen bonding between
unlike molecules in binary liquid mixtures. The posi-
tive values of deviation in viscosity and excess Gibbs
energy of activation of viscous flow have been obtained
for all studied mixtures that indicate the strong inter-
action between unlike molecules.
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